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FOREWORD 


Tills  report  va*  prepared  by  General  Dynamics,  Fort  Worth 
Division,  undar  tho  "Advanced  Durability  Analysis"  program 
(Air  Fore*  Contract  F33637-S4-C-3208)  for  tha  Air  Force 
Wright  Aeronautical  Laboratories  (AFWAI/FIBEC) .  Margery  E. 
Artley  vae  the  Air  Force  Project  Engineer;  Dr.  John  w.  Lin¬ 
coln  of  AS D/ ENTS  and  James  L.  Rudd  of  ATNAl^/FZBEC  were  tech¬ 
nical  advisors.  Dr.  s.  D.  Manning  of  the  General  Dynamics' 
Structures  Technology  staff  was  the  program  manager  and  co¬ 
principal  investigator  along  with  Dr.  J.  N.  Yang  of  United 
Analysis  Incorporated  (Vienna,  VA) . 

Other  voIusms  for  this  program  are  as  follows: 


o  Volume  I  -  Analytical  Methods 

o  Volume  II  -  Analytical  Predictions,  Test  Results, 

and  Analytical /Experimental  Correlations 


o  Volume  III  -  Fractographic  Test  Date 

o  Volume  V  -  Durability  Analysis  Software  User's  Guide 

The  second  edition  of  the  U8A7  Durability  Design  Handbook 
(AFWAL-TR-S3-3027)  was  also  developed  under  this  program. 
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SECTION  I 

INTRODUCTION  AND  SUMMARY 

Metallic  aircraft  structure*  must  be  designed  to  be  dur¬ 
able  and  to  resist  fatigue  cracking  in  service.  Durability 
Ndesign  tools'9  are  needed  to  analytically  ensure  that  the 
aircraft  structure  can  be  economically  maintained  with  a  high 
degree  of  operational  readiness  and  warfighting  capability. 
Therefore,  a  30-month  research  program  was  initiated  in  1984 
to:  (1)  develop  a  probabilistic-based  durability  analysis 

method  for  metallic  aircraft  structures  capable  of  predicting 
I  the  functional  impairment  due  to  excessive  cracking,  fuel 

leakage  and/or  ligament  breakage,  (2)  recommend  improvements 
to  the  current  Air  Force  durability  design  requirements  [1,2] 
and  (3)  update  the  current  Air  Force  durability  design  hand- 
!  book  (AFWAL-TR-83-3027)  [3].  This  three-phase  program  in¬ 
cluded  eight  tasks.  A  roadmap  for  the  program  is  shown  in 

Fig.  1.  This  is  Volume  IV  of  a  five-volume  sequence  of  final 
reports  [4-8]  for  this  program. 

| 

Under  Task  I  we  developed  methods  for  determining  the 
initial  fatigue  quality  or  equivalent  initial  flaw  size  dis¬ 
tribution  (EIFSD)  for  structural  details.  Methods  were  de¬ 
veloped  for  estimating  and  optimizing  EIFSD  parameters  for  an 
"equivalent  single  hole  population"  basis.  A  data  pooling 
procedure  was  developed  including  a  statistical  scaling  tech¬ 
nique  for  determining  the  EIFSD  parameters  for  one  or  more 
fractographic  data  sets  in  a  "global  sense."  The  sensitivity 
of  the  EIFSD  parameters  with  respect  to  key  variables  (e.g., 
fractographic  crack  size  range,  %  bolt  load  transfer,  stress 
level,  load  spectrum,  etc.)  was  also  investigated. 

Task  II  was  concerned  with  the  optimization  of  current 
durability  analysis  methods  [9-15]  for  predicting  the  probab¬ 
ility  of  crack  exceedance,  p(i,  T  ),  for  metallic  aircraft 
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structural.  Undar  this  task  wa  davalopad  procedures  and 
guidelines  for  defining  suitable  service  crack  growth  master 
curves  (SCCBfCe)  for  durability  analysis  using  an  analytical 
crack  growth  program  [e.g. ,  16,17].  A  SCGMC  is  used  to  grow 
the  SIFSO  forward  to  predict  the  probability  of  crack  exceed¬ 
ance  at  any  service  time,  or  the  cumulative  distribution  of 
service  time  to  reach  any  crack  size.  Methods  are  developed 
and  evaluated  for  making  the  SCGMC  compatible  with  the  basis 
on  which  the  EIFSD  is  established. 

In  Task  III  ve  extended  the  current  durability  analysis 
method  [9-15]  for  the  small  crack  size  region  to  large 
through-the-thickness  cracks  (e.g.,  0. 5M-0. 75")  associated 
with  functional  impairment  due  to  fuel  leaks  and/or  ligament 
breakage.  The  recommended  approach,  referred  to  as  the  two- 
segment  deterministic-stochastic  approach  (DCGA-SCGA) ,  in¬ 
cludes  the  Weibull  compatible  EIFSD  function  and  determinis¬ 
tic/stochastic  crack  growth  models.  Various  one-segment  and 
two-segment  crack  growth  approaches  (i.e.,  deterministic  and 
stochastic)  were  developed  and  evaluated.  Different  EIFSD 
functions  (i.e.,  Weibull  compatible,  lognormal  and  two-para¬ 
meter  Weibull)  were  also  considered.  The  DCGA-SCGA  was  de¬ 
monstrated  for  countersunk  and  straight-bore  fastener  holes 
with  clearance-fit  fasteners  using  coupon  specimens  and  full- 
scale  aircraft  structure. 

Task  IV  included  a  two-phase  experimental  test  program 
with  fractographic  evaluations.  Under  Phase  I,  31  multi-hcle 
dog-bone  specimens  were  fatigue  tested  to  failure.  The  phase 
2  test  program  included  105  spectrum  fatigue  tests  using 
simple  dog-bone  or  double-  reversed  dog-bone  specimens  and  a 
strain  survey  to  verify  the  %  bolt  load  transfer.  All  speci¬ 
mens  tested  ware  3.00”  wide.  The  material  was  7475-T7351  al¬ 
uminum  plate.  Both  countersunk  and  straight-bore  fastener 
holes  with  clearance-fit  fasteners  were  used.  None  of  the 
fastener  holes  included  any  special  life  enhancement  features 
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such  as  cold  working,  interference  fit  or  cold  fit  bushings. 
Sinos  no  intsntional  prsflaws  wars  implanted  in  any  of  the 
fastsnsr  holes,  natural  fatigue  cracks  were  allowed  to  init¬ 
iate  and  propagate.  Fractographic  results  were  acquired  for 
ov^r  180  fatigue  cracks. 

The  experimental  results  of  Task  IV  were  evaluated  under 
Task  V.  Durability  analysis  predictions  for  p(i,  T  )  at  a 
given  service  time  and/or  cumulative  distribution  of  service 
time,  F^(t) ,  to  reach  a  given  crack  size  were  correlated  with 
results  from  Task  IV.  A  comprehensive  demonstration  of  the 
DCGA-8CGA  was  conducted  using  coupon  spsciasn  results. 

Current  Air  Force  durability  design  requirements  [1,2] 
were  reviewed  under  Task  VI.  Modifications  were  proposed  to 
make  the  requirements  more  realistic  and  definitive  based  on 
the  results  of  this  program. 

Guidelines  for  implementing  the  advanced  durability  an¬ 
alysis  approach  were  developed  under  Task  VII.  Step-by-step 
procedures  and  guidelines  were  developed  for  acquiring  init¬ 
ial  fatigue  quality  data,  for  optimizing  the  EIFSD  for  dur¬ 
ability  analysis,  for  making  p(i,  T*  )  and/or  FT (t;  predic¬ 
tions,  and  for  predicting  the  extent  of  damage  at  any  service 
time. 


Task  VIII  was  concerned  with  updating  the  Air  Force  Dur¬ 
ability  Design  Handbook  [3]  to  include  the  advancements  made 
under  this  program.  Advanced  durability  analysis  methods  are 
demonstrated  using  coupon  specimens  and  the  lower  wing  skins 
from  a  fighter  aircraft.  Methods  and  guidelines  are  present¬ 
ed  in  the  second  edition  of  the  handbook  [18]  for  implementa¬ 
tions  . 

Software  has  been  developed  for  implementing  the  advanc¬ 
ed  durability  analysis  methods  developed  under  this  program 
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on  an  IBM  or  IBM-compatible  PC.  Tha  software  can  be  used  to: 
(1)  save  or  screen  fractographic  data  on  floppy  disk,  (2)  de¬ 
termine  crack  growth  parameters,  (3)  optimize  EIFSD  paramet- 
are  for  Weibull  coapatibla  distribution  function,  (4)  pradict 
tha  crack  exceedance  probability,  p(i,  T),  at  any  service  time 
or  tha  distribution  of  sarvica  time,  F^,(t)  ,  to  reach  any 
crack  size  and  (5)  plot  fractographlc  data  and/or  durability 
analysis  results. 

As  shown  in  Fig.  1,  the  following  final  report  volumes 
(AFWAL-TR-86-3017)  and  handbook  (AFWAL-TR-83-3G27)  document 
the  work  conducted  under  this  program: 

o  Volume  X  -  Analytical  Kathode 

o  Volume  XI  -  Analytical  Predictions,  Test  Results, 

and  Analytical/Experimental  Correla¬ 
tions 

o  Volume  III  -  Fractographic  Test  Data 

o  Volume  IV  -  Executive  Summary 

o  Volume  V  -  Durability  Analysis  Software  User's 

Guide 

o  USAF  Durability  Design  Handbook  (2nd  Edition; 

AFWAL-TR- 83-3027 ) 


5 


SECTION  II 

DURABILITY  ANALYSIS  APPROACH 


A  probabilistic  durability  analysis  approach  for  metal- 
lic  aircraft  structures  is  summarized  in  this  section.  This 
approach  can  be  used  to  analytically  predict  the  probability 
of  functional  impairment  due  to  excessive  cracking,  fuel 
leaks  or  ligament  breakage.  The  methodology  accounts  for  the 
initial  fatigue  quality  variation,  crack  growth  damage  accu¬ 
mulation  in  a  population  of  structural  details  (e.g.,  fasten¬ 
er  holes,  lugs,  fillets,  cutouts,  etc.),  load  spectra  and 
structural  properties.  Thus,  the  extent  of  damage  can  be 
quantitatively  estimated  at  any  service  time  under  service 
conditions.  Once  the  Initial  fatigue  quality  or  equivalent 
initial  flaw  size  distribution  (EIFSD)  has  been  determined, 
the  probability  of  functional  impairment  is  obtained  by  grow¬ 
ing  the  EIFSD  forward  using  a  deterministic-stochastic  crack 
growth  approach.  Essential  elements  and  features  of  the  ap¬ 
proach  are  described  in  the  following  and  details  are  given 
elsewhere  [4,5,18]. 

2.1  INITIAL  FATIGUE  QUALITY  REPRESENTATION 

Initial  fatigue  quality  of  a  structural  detail  is  repre¬ 
sented  by  an  equivalent  initial  flaw  size  distribution 
(EIFSD) .  An  equivalent  initial  flaw  (EIFS)  is  an  artificial 
crack  size  which  results  in  an  actual  crack  size  at  an  actual 
point  in  time  when  the  initial  flaw  is  grown  forward.  It  is 
determined  by  back-extrapolating  fractographic  results  and 
has  the  following  characteristics:  (l)  an  EIFS  is  an  artifi¬ 
cial  crack  assumed  to  represent  the  initial  fatigue  quality 
of  a  structural  detail  in  the  as-manufactured  condition  what¬ 
ever  the  source  of  fatigue  cracking  may  be,  (2)  it  has  no  di¬ 
rect  relationship  to  actual  initial  flaws  in  fastener  holes 
such  as  scratches,  burrs,  microdefects,  etc. ,  and  it  cannot 


be  verified  fey  NDI,  (3)  it  has  *  universal  crack  shape  in 
which  tkm  crack  size  is  measured  in  the  direction  of  crack 
propagation,  (4)  UIFSs  ere  in  a  fracture  mechanics  format  tout 
they  are  not  subject  to  such  lavs  or  limitations  as  the 
'•short  crack  effect, "  (S)  it  depends  on  the  fractographic 
data  used,  the  fractographic  crack  size  range  used  for  the 
back-extrapolation  and  the  crack  growth  rate  model  used,  (6) 
it  mist  be  grown  forward  in  a  manner  cone latent  with  the 
basis  for  ths  EIFS,  and  (7)  EIFSo  are  not  unique  -  a  differ¬ 
ent  set  is  obtained  for  each  crack  growth  law  used  for  the 
back-extrapolation . 

Each  structural  dstail  to  be  considered  in  the  durabil¬ 
ity  analysis  is  assumed  to  have  e  single  dominant  initial 
flew.  An  E£7S  is  e  statistical  variable  which  describes  the 

population  of  eguivelent  intlal  flew  size  at  time  sero. 


An  ZIPS  is  not  strictly  "generic"  becauss  it  dapands  on 
tha  following:  (1)  crack  growth  rata  model  used  to  back-ex- 
trapolate  fractographic  results,  (2)  conditions  reflected  in 
the  fractographic  results  (e.g.,  material,  type  fastener/ 
hole/fit,  load  spectra,  ate.),  (3)  fractographic  crack  size 
range  used  (i.e.,  AL-AU) ,  and  (4)  goodness-of-f it  criterion. 
However,  the  real  issue  is  not  whether  the  EIFSs  or  EIFSD  is 
generic  or  not.  The  important  question  is:  "Can  &n  EIFSD, 
based  on  the  fractographic  results  for  one  or  more  data  sets, 
be  used  to  make  reasonable  durability  analysis  predictions 
for  a  different  set  of  conditions,  e.g.,  similar  material, 
same  type  of  load  spectra,  e.g.,  fighter,  bomber  or  trans¬ 
port,  similar  type  fastener/hole/fit  but  different  stress 
lsvsls  and/or  %  bolt  load  transfers?"  The  answer  to  this 
question  is  "yss"l  We  have  demonstrated  under  thie  program 
that  an  EIFSD  does  not  have  to  be  "generic"  to  obtain  reason¬ 
able  durability  analysis  prsdictions  for  functional  impair¬ 


ment. 


There  are  many  facets  involved  in  estimating  the  initial 
fatigue  quality  (IFQ)  of  structural  detail#.  Essential  ele- 
wants  for  determining  IFQ  are:  (1)  suitable  fractographic 
data  acquired  for  '"natural  fatigue  cracks”  (1.©.,  no  inten¬ 
tional  pre-flaws)  in  the  type  of  structural  detail  to  be  in¬ 
cluded  in  the  durability  analysis,  (2)  a  physically-meening- 
ful  EIFSD  function  for  representing  IFQ  and  (3)  a  method  for 
estimating  the  EIFSD  parameters  using  a  data  pooling  proce¬ 
dure.  Once  the  EIFSD  parameters  have  been  estimated,  the 
candidate  EIFSD  is  then  evaluated  and  justified  for  desired 
durability  analysis  applications. 

An  EIFS  value  for  a  fastener  hole  is  determined  by  back- 
extrapolating  fractographic  data  in  a  selected  crack  alae 
range,  AL-AU,  using  a  simple  but  versatile  deterministic 
crack  growth  rate  model  proposed  by  Yang  and  Manning  [10,19]. 
Thus,  EIFS  data  sets  are  obtained  from  available  fractograph¬ 
ic  data  sets.  Then,  these  EIFS  data  sets  are  used  to  deter¬ 
mine  the  EIFS  distribution  parameters.  Essential  elements 
for  estimating  the  EIFSD  parameters,  including  the  statisti¬ 
cal  scaling  and  data  pooling  procedures  to  account  for  frac¬ 
tographic  data  sets  with  different  numbers  of  fastener  holes 
par  specimen,  are  described  in  Vols.  I  and  II. 

Software  is  available  in  Volume  V  f8]  for  saving  and  re¬ 
trieving  fractographic  data,  estimating  the  EIFSD  parameters 
and  evaluating  the  candidate  EIFSD  for  durability  analysis. 

A  plotting  capability  is  available  for  displaying  results. 
This  software  is  further  described  in  Section  VI  of  this  Vol¬ 
ume  (IV)  . 

2.2  TWO-SEGMENT  DETERMINISTIC-STOCHASTIC  CRACK  GROWTH  APPROACH 

Once  the  EIFS  distribution  has  been  determined,  the  en¬ 
tire  population  of  equivalent  initial  flaws  can  be  grown  for- 
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w*rd  for  durability  analysis.  I n  this  regard,  *  two-segment 
dstermin£s£io-stochaf»tic  crack  growth  approach,  DCGA-SCGA, 
described  in  rig.  2,  la  recommended.  Thia  method  can  ba  used 
to  grow  tha  EIFSD  to  predict  tha  probability  of  functional  im¬ 
pairment  dua  to  excessive  cracking,  fual  laaka  or  liganant 
braakaga.  Various  othar  crack  growth  approachaa  vara  also 
developed  £4]  and  avaluatad  [5]  undar  this  program. 

Durability  analysis  is  primarily  concamad  with  predic¬ 
tions  for  tha  following  quantities:  (l)  Tha  probability  that 
a  given  crack  siza  x^  in  tha  ith  stress  region  (i  •  1,2,...) 
will  ba  axcaadad  at  any  service  time  T.  referred  to  as  tha  crack 

exceedance  probability  p ( i ,  T ) ,  and  (2)  tha  cumulative  dis¬ 
tribution  of  service  time  F^(t)  to  reach  any  crack  else  x^  in 
tha  ith  atrasa  region  (i  *  1,2,...).  Conceptual  plota  for 
p(i, T)  and  F^(t)  are  shown  in  Fig.  3.  Than,  tha  "extant  of 
damage"  for  tha  entire  durability  component  dua  to  excessive 
cracking,  fual  laaka  and/or  ligament  breakage  can  ba  deter¬ 
mined  using  p ( 1 , T )  predictions  for  given  stress  regions  of 
tha  structure  and  tha  Binomial  statistics. 

Tha  XGA-SCGA  is  describsd  in  dstail  in  Volume  I  [4]. 
Only  tha  essentials  ars  described  in  this  section;  see  Fig. 

2. 


When  the  crack  size  is  squal  to  or  smaller  than  a  refer¬ 
ence  crack  size  aQ,  a  deterministic  crack  growth  rate  model 
is  used  to  grow  tha  EIFSD  forward  to  pradict  tha  crack  ex¬ 
ceedance  probability,  p (itT).  Tha  reference  crack  siza  aQ 
is  choaan  to  ba  tha  upper  limit  AU  of  tha  fractographic  data 
range  uaad  to  determine  EIFSD.  Whan  tha  crack  size  is  larger 
than  aQ,  however,  a  stochastic  crack  growth  rata  modal  pro¬ 
posed  by  Yang,  at  al  [e.g.,  20,22,23,29],  is  used  to  account 
for  the  crack  growth  variability  in  service. 

Tha  crack  growth  rata  parameters  in  both  crack  size  re- 
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CRACK  SIZE 


SERVICE  LIFE 


Pigura  2.  Two-Sagaont  Dafnnlnl»tlc-Stocha«tlc  Crack 
Growth  Approach  ( DCGA-SCGA ) . 
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(*)  Probftbility  of  Crack  Exceedance  «t  JU&y  Given 
Sftrvica  Tim  T 


(b)  Cumulative  Distribution  of  Service  Time  to 
Reach  any  Given  Crack  Size  Zj 

rigure  3.  Durability  Analyeift  Predict lon»»  (a)  Probability  of 

Crack  Exceedance  at  Any  Given  service  Time  T*  and 
>)  duiauletlve  Distribution  of  Service  time  to  ReacS 
iy  divan  Crack  Slae  x^. 


.2 


^6  described  above  can  b«  estimated  using  suitabls  .Tracto- 
,  aphic  data,  if  available,  or  an  analytical  crack  growth 
program  0*9*/  6] .  If  an  analytical  crack  growth  program  is 
used,  it  must  first  bs  "tuned"  or  curvs  fittad  in  the  small 
crack  sizs  region  (e.g.,  AL-AU  -  0.01"  -  0.05")  to  the  same 
basis  as  the  EIFSD.  Procedures  and  guidelines  for  determin¬ 
ing  a  service  crack  growth  master  curve  (SCGMC)  using  an  an¬ 
alytical  crack  growth  program  are  given  elsewhere  [ i 8 ] .  A 
SCGMC  can  be  determined  using  linear  elastic  fracture  mechan¬ 
ics  principles  without  violating  "short  crack"  fracture  mech¬ 
anics  limitations. 

Functional  impairment  occurs  when  a  limiting  crack  size, 
x1  is  exceeded.  For  example,  in  the  case  of  fastener  holes 
the  following  limiting  crack  sizes  could  be  used:  (1)  for 
excessive  cracking;  -  0.03"  -  0.05"  (economical  repair 
limit  for  fastener  holes),  for  fuel  leaks;  x^  -  size  of 
through-the-thickness  crack,  and  (3)  for  ligament  breakage; 
x^  *  hole-to-hole  dimension  between  adjacent  fasteners.  Giv¬ 
en  the  limiting  crack  size  x1  for  functional  impairment,  the 
probability  of  functional  impairment  for  any  stress  region  at 
any  service  time,  t,  due  to  excessive  cracking,  fuel  leakage 
or  ligament  breakage  can  be  obtained  from  the  predicted  crack 
exceedance  probability  p(i,  T) •  Then,  the  Binomial  distribu¬ 
tion  is  used  to  predict  the  probability  of  functional  impair¬ 
ment  at  any  service  time, T,  for  the  entire  aircraft  struc¬ 
ture  as  described  in  detail  in  Vol.  II  [5]. 
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SECTION  III 


EXPERIMENTAL  PROGRAM,  RESULTS  AND  CONCLUSIONS 

An  experimental  program  was  conducted  to  avaluata,  re¬ 
fine  and  verify  the  advanced  durability  analysis  methodology 
for  metallic  aircraft  structures  for  both  small  (e.g., 
<0 . 05M)  and  large  (e.g.,  0.50"-0.75M)  through-the-thickness 
fatigue  cracks.  The  experimental  program  and  conclusions  are 
summarized  in  this  section.  Test  results  are  evaluated  in 
Volume  II  [5].  Complete  test  results  and  fractographic  data 
are  documented  in  Volume  III  [6]. 

3.1  EXPERIMENTAL  TEST  PROGRAM 

The  test  matrix  is  shown  in  Table  1  and  specimen  details 
are  shown  in  Figs.  4-6.  All  tests  were  conducted  in  lab  air 
using  dog-bone  type  specimens  manufactured  from  7475-T7351 
aluminum  plate  (t  -  0»50M).  Fastener  holes  were  drilled  us¬ 
ing  typical  production  methods  without  any  special  life  en¬ 
hancement  conditioning  (e.g.,  coldworking,  interference  fit, 
etc) .  Both  straight-bore  and  countersunk  fastener  holes  were 
considered. 

All  specimens  were  fatigue  tested  to  failure  using  a 
selected  load  spectrum  (i.e.,  F-16  400  hr.,  F-16C/D  or  B-l) 
and  a  maximum  stress  level.  Fractographic  results  were  ac¬ 
quired  for  the  largest  fatigue  crack  in  one  or  more  fastener 
holes  por  specimen.  Test  specimens  with  three  countersunk 
fasteners  (Fig.  4)  were  used  to  acquire  data  for  verifying 
statistical  scaling.  A  strain  survey  was  also  performed  us¬ 
ing  the  double-reverse  dog-bone  specimen  design  shown  in  Fig. 
6.  The  strain  survey  was  conducted  to  evaluate  the  percent¬ 
age  of  bolt  load  transfer  as  a  function  of  the  total  applied 
load. 

3 . 2  EXPERIMENTAL  RESULTS 

Fractographic  data  (i.e.,  crack  size  versus  flight 
hours)  were  acquired  for  fatigue  cracks.  The  raw  fracto¬ 
graphic  data,  time-to-failure  results,  applicable  testing  and 
specimen  details  are  given  in  Volume  III  [6],  A  typical 
fractographic  data  plot  is  shown  in  Fig.  7  for  the  WWPF  data 
set. 


The  following  fatigue  crack  initiation  trends  were  ob¬ 
served:  (1)  no  load  transfer  specimens  (with  or  without  a 
bolt  in  the  hole)  -  cracks  typically  initiated  in  the  bore  of 
the  fastener  hole,  and  (2)  bolt  load  transfer  specimens  - 
corner  cracks  generally  initiated  in  the  hole  at  the  inter¬ 
face  of  the  mating  dog-bone  halves.  The  fatigue  crack  initi¬ 
ation  origins  and  trends  observed  in  this  program  for  both 
straight  bore  and  countersunk  fastener  holes  are  very  similar 
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Figure  5 .  Dog- Bone  Spec!— a  with  Single  Hole. 
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to  those  in  tha  "Fastener  Hole  Quality"  prograa  [24]  ami  tha 
"Durability  Methods  Development"  prograa  [25]. 

Strain  survay  results,  baaad  on  tha  apaciaan  typa  shown 
in  Fig.  6,  ara  shown  in  Fig.  8.  Strain  gaga  locations  and 
apaciaan  fraabodias  ara  shown  in  Fig.  9. 

Considarably  largar  scatter  in  tha  fatigue  test  results 
was  observed  for  countersunk  fastener  holes  than  for 
straight-bore  fastener  holes.  The  clearance  fit  and  drilling 
procedure/ quality  for  both  types  of  fastener  holes  were  com¬ 
parable.  This  strongly  suggests  that  a  larger  initial  flaw 
size  should  be  used  for  the  durability  analysis  of  counter¬ 
sunk  fastaner  holes  than  for  straight-bore  fastener  holes. 

3.3  CONCLUSIONS 

Experimental  results  are  evaluated  in  detail  in  Volume 
II  [5],  including  conclusions,  recommendations  and  guidelines 
for  acquiring  initial  fatigue  quality  data,  overall  conclu¬ 
sions  for  the  experimental  test  program  are  summarized  below. 

1.  The  experimental  results  acquired  under  this  program 
were  useful  for:  (1)  investigating/evaluating  the  IFQ  of 
clearance-fit  fastener  holes,  (2)  evaluating,  refining  and 
demonstrating  the  durability  analysis  methodology,  including 
statistical  ecaling  technique,  described  in  Volume  I  [4],  (3) 
estimating  the  %  bolt  load  transfer  of  double-reversed  dog- 
bone  specimens,  and  (4)  conducting  various  durability-related 
studies. 


2.  Experimental  procedures  and  guidelines  have  been  de¬ 
veloped  for  acquiring  IFQ  data  for  fastener  holes.  Details 
are  given  in  Volume  II  [5].  The  cleanest  way  to  acquire  IFQ 
data  for  fastener  holes  is  to  fatigue  test  specimens  with  a 
single  fastener  hole  to  failure.  Three  types  of  test  speci¬ 
mens  are  recommended  for  acquiring  IFQ  data  as  shown  in  Fig. 
10. 


3 .  Fractographic  data  should  be  surveyed  and  censored 
before  being  used  to  estimate  the  IFQ  or  EIFSD  or  any  other 
durability  analysis  purpose.  Data  screening  is  needed  to  de¬ 
termine  the  quality  and  character  of  the  data  and  to  reject 
suspicious  data.  Questionable  fractographic  data  should  be 
censored  from  the  data  set.  Computer  software  is  available 
in  Volume  V  [8]  for  plotting  and  screening  the  fractographic 
data. 


4.  A  strain  survey  vas  conducted  using  a  double-revers¬ 
ed  dog-bone  type  specimen  (Fig.  6)  with  a  "35%  bolt  load 
transfer  design."  It  was  found  that  the  actual  percentage  of 
bolt  load  transfer  was  approximately  7%  at  100%  applied  spec¬ 
imen  load.  Also,  the  amount  of  bolt  load  transfer  varied  as 
a  function  of  the  applied  load  and  fastener-hole  fit. 
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BOLT  LOAD  TRANSFER  (FRACTION) 


o 


U>  No  Belt  Load  Tranafar  I5©g-»on®  Specimen 


\b>  iwc-For-Ona  No-Bolt  Load  Tranafar  Dog-Booa 
Spaciman 


(Ua#  double  or  single  shear  configuration) 


(c)  Dog-Bone  Specimen  With  Bolt  Load  Tranafar 


Figure  10.  Racoaawndad  Specimen  Types  for  Acquiring  I  PC  Data 
?or~  Fastener  Hoi  a  a . 


3.  Only  (straight  shank  and  countersunk  clearance- fit 
fasteners  in  7*t3-T73Sl  aluminum  ware  investigated  under  this 
program.  Tha  effect  of  intarfaranca  fit  fasteners  and  cold** 
forking  on  the  XfQ  of  fastener  holes  remains  to  be  investi¬ 
gated  * 


SECTION  IV 

DEMONSTRATION  OF  DURABILITY  ANALYSIS  METHODS 
The  comprehensive  advanced  durability  analysis  demon¬ 
stration,  documented  in  Volume  II  [5]  and  the  sacond  edition 
of  the  durability  design  handbook  [18],  is  summarized  in  this 
section.  Durability  analysis  methods  for  predicting  the 
crack  exceedance  probability,  p(i,  T  )  ,  and  the  cumulative 
distribution  of  service  time  to  reach  any  crack  size,  FT(t), 
are  demonstrated  using:  (1)  coupon  specimen  results,  and  (2) 
tear-down  inspection  results  for  the  F-16  lower  wing  skins. 

4.1  DEMONSTRATION  FOR  DOG-BONE  SPECIMENS 
The  advanced  durability  analysis  method  described  in 
Section  IX  is  demonstrated  for  both  countersunk  and  straight- 
bore  fastener  holes  in  the  following.  The  initial  fatigue 
quality  is  established  based  on  fractcgraphic  results  obtain¬ 
ed  using  narrow  specimens.  Then,  predictions  for  the  crack 
exceedance  probability,  p(i,T),  and  cumulative  distribution 
of  service  time  to  reach  a  specific  crack  size,  FT(t) ,  in  the 
large  crack  size  region  are  made  using  the  DCGA-SCGA.  Pre¬ 
dictions  are  correlated  with  actual  fractographic  results  ob¬ 
tained  using  wide  dog-bone  specimens. 

4.1.1  Countersunk  Fastener  Holes 
Three  base-line  fractographic  data  sets  (i.e.,  "AFXLR4 " , 
,,AFXMR4H  and  "AFXHR4")  based  on  1.5"  wide  specimens  are  used 
to  determine  the  initial  fatigue  quality.  The  three  data 
sets  are  described  in  Table  2  and  specimen  details  are  shown 
in  Fig.  11.  Fractographic  results  for  each  data  set  were 
plotted  and  screened  for  abnormal  behavior  and  data  sparsity. 
As  a  result  of  this  screening  process,  one  crack  (#8)  was  de¬ 
leted  from  the  AFXLR4  data  set. 

The  Weibull  compatible  distribution  is  used  to  represent 
the  distribution  of  EIFS.  Using  these  three  base-line  frac¬ 
tographic  data  sets  in  the  crack  size  range  of  AL-AU  -  0.01" 
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Tabla  2.  Description  of  Fractographlc  Data  Sats  Used  to 

D«t«nin«  thtt  XFQ  for  Countarsunk  Fastanar  Holaa 


■rtaat  (UBatarial:  WS-mSl  aladan 

(2)  Kind  gall-thnagfc  riwt  (oontaank  bond) 

(3)  final  aactloe  at— 

(4)  n/if  «  >8.  at  tfudama  and/total  no.  af  aftdmm  in  data  art 

(5)  Qalstad  cnck  no.  I  fxm  data  art 
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-  0.05",  as  well  as  data  pooling  and  statistical  scaling  pro¬ 
cedures,  the  following  FIFS  distribution  parameters  were  es¬ 
timated:  xu  »  0.03", 1.716  and  ^  •  6.308.  The  scaling 
factor  for  countersunk  specimens  is  jf-  4,  since  each  specimen 
is  made  of  two  pieces  of  aluminum  with  two  fastener  holes. 
The  established  EIFSO  is  grown  forward  to  predict  the  crack 
exceedance  probability,  p(i,T),  and  cumulative  distribution 
of  service  time  to  reach  any  given  crack  size,  FT(t),  for 
WAFXMR4  and  WAFXHR4  data  sets.  The  two -segment  DCGA-SCGA 
approach  described  in  Section  II  has  bean  used. 

Fractographic  data  for  WAFXMR4  and  WAFXHR4  were  generat¬ 
ed  using  the  same  dog-bone  specimen  shown  in  Fig.  11  except 
that  the  specimen  has  a  3.00"  width.  Thus,  fractographic 
data  in  the  large  crack  size  range  can  be  obtained  from  these 
wide  specimens.  The  description  of  WAFXMR4  and  WAFXHR4  data 
sets  is  described  in  Table  3. 

The  predicted  probability  of  crack  exceedance  at  T  » 
11,608  flight  hours  for  WAFXMR4  is  displayed  in  Fig.  12  as  a 
solid  curve.  Also  shown  in  this  figure  as  solid  circles  are 
the  actual  test  data  for  comparison.  Further,  the  predicted 
probability  of  crack  exceedance  at  f  ■  7,000  flight  hours  for 
WAFXHR4  is  shown  in  Fig.  13  as  a  solid  curve  and  the  solid 
circles  denote  the  actual  fractographic  test  results. 

The  predicted  cumulative  distribution  of  service  time  to 
reach  a  crack  size  of  0.73”  for  WAFXMR4  is  displayed  in  Fig. 
14  as  a  solid  curve.  The  actual  fractographic  results  are 
shown  in  the  same  figure  as  solid  circles  for  comparison. 
Similarly,  the  prediction  for  the  cumulative  distribution  of 
service  time  to  reach  a  crack  size  of  0.59"  for  WAFXHR4  is 
shown  in  Fig.  15  as  a  solid  curve.  The  solid  circles  depict¬ 
ed  in  the  same  figure  are  the  actual  fractographic  test  data 
for  comparison.  It  is  observed  from  Figs.  12  to  15  that  the 
correlations  for  countersunk  fastener  holes  between  the  ex- 
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Table  3.  Description  of  WAFXMR4  and  WAFXHR4  Fractographic 
Data  Sets. 


DATA  SET 

t 

LOAD 

TRANSFER 

NO. 

CRACKS 

im 

WIDTH 

(la.) 

mM 

15 

14 

34 

3.0 

vkwxsau 

15 

13 

40.8 

m 

Notes s  1.  7473-T7331  hivmitxom 

2.  R«f.  fig.  6  for  mpoeimma  design  details. 
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pari mental  results  and  the  durability  anal  ,  predictions 
are  very  reasonable. 

4.1.2  Straight-bore  Fastener  Holes 

The  durability  analysis  demonstration  tor  straight-bore 
fastener  holes  was  conducted  as  follows.  Two  fractographic 
data  sets  (i.e.,  nWPFM  and  "XWPF")  [24]  were  used  to  deter¬ 
mine  the  IFQ  of  straight-bore ,  clearance-fit,  fastener  holes 
in  7475-T7351  aluminum.  The  two  data  sets  are  described  in 
Table  4.  Specimen  details  for  the  WPF  and  XWPF  data  sets  are 
shown  in  Figs.  16  and  17,  respectively.  Fractographic  re¬ 
sults  for  each  data  set  were  screened  by  surveying  the  frac¬ 
tographic  data  plots.  Two  abnormal  fatigue  cracks  were  de¬ 
leted  from  each  data  set  for  purposes  of  defining  the  IFQ. 

Fractographic  data  for  each  censored  data  set  in  the 
crack  size  range  AL-AU  *  0.01"  -  0.05H  were  used  to  determine 
the  crack  growth  rate  parameter.  Computer  software  filename 
»  "QSZAT"  from  Volume  V  [8]  was  used.  The  Weibull  compatible 
distribution  is  used  to  represent  the  distribution  of  EIFS. 
There  is  only  one  fastener  hole  and  one  piece  of  aluminum  per 
WPF  specimen,  whereas  there  are  two  fastener  holes  with  two 
pieces  of  aluminum  per  XWPF  specimen.  Hence,  the  scaling 
factor  for  WPF  data  set  is  Jt  -  1  and  that  for  XWPF  data  set 
is/-  4.  Using  the  data  pooling  and  statistical  scaling  pro¬ 
cedures,  EIFSD  parameters  were  estimated  based  on  the  WPF  and 
XWPF  data  sets  pooled  together.  Computer  program  filename  - 
"WCIFQ"  described  in  Vol.  V  [8]  was  used;  with  the  results  xu 
-  0.03",*  -  4.782  and  <p  -  4.658. 

with  the  EIFSD  parameters  determined  above  from  pooled 
base-line  data  (i.e.,  WPF  and  XWPF  data  sets),  the  EIFS  popu¬ 
lation  was  grown  forward  to  conduct  durability  analysis  pre¬ 
dictions  using  DCGA-SCGA  described  in  Section  II.  Specifi¬ 
cally,  predictions  for  crack  exceedance  probability,  p(i, T)  t 
and  the  cumulative  distribution  of  service  time  to  reach  any 
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Table  4.  Description  of  Fractographic  Data  Sets  Used  to 

Determine  the  IFQ  for  Straight-Bore  Fastener  Holes. 


Data  Set  (1) 

No.  of 

Spec inane  Used 

mm 

m 

1191 

Fastener 

Load 

Spectrua 

WPF 

(S) 

XVIPF 

31/33  (2) 

34 

B 

Bfl 

F-16  400  HR 

31/33  (3) 

34 

15 

1.5 

■HM 

1 

Noteat 


(1)  7473-T7331  Aluainua 

(2)  Delated  fatigue  cracks  |2  and  6 

(3)  Deleted  fatigue  cracks  111  and  16 

(4)  Gross  section  stress  for  peak  spectrua  load 

(5)  Ref.  7HQ  progra a  [24] 
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given  crack  size  were  mad#  for  data  eete  other  than  WPF  and 
XWPF.  Fraotographic  raaulta  for  the  third  data  sat  MWWPFM 
from  Volume  III  [6]  will  be  uaad  to  correlate  with  the  dur¬ 
ability  analysis  predictions. 

Spaciaen  design  details  for  WWPF  data  eet  are  shown  in 
Fig.  5  (same  as  WPF  data  set),  except  that  the  specimen  ia 
wider  (i.e.,  3"  width).  Such  specimens  are  wide  enough  to 
provide  fraotographic  data  in  the  large  crack  size  region. 
Specimen#  for  the  WWPF  data  set  were  fatigue  tested  to  fail¬ 
ure  using  the  same  load  spectrum  (F-16  400  hour)  and  maximum 
peek  (grose)  etrees  level  (i.e.,  34  kai)  ae  the  "WPF"  data 
set. 


The  prediction  of  crack  exceedance  probability,  p(i,7~), 
for  WWPF  data  set  at  service  time  T  •*>  18,400  flight  hours  is 
shown  in  Fig.  18  as  a  solid  curve.  Also  shown  in  this  figure 
are  solid  circles  representing  th®  actual  fraotographic  re¬ 
sults.  Figure  18  indicates  that  the  correlation  between  the 
durability  analysis  prediction  and  experimental  results  is 
quite  reasonable. 

4.2  DEMONSTRATION  FOR  THE  F-16  LOWER  WING  SKINS 
The  two-segment  DCGA-SCGA  will  be  demonstrated  using 
tear-down  inspections  results  for  the  F-16  lower  wing  skins 
from  the  durability  test  article  [25] .  Fraotographic  results 
are  available  for  the  lower  wing  skins  from  the  full-scale  F- 
16  duraoility  teet  article  that  was  fatigue  tested  under 
spectrum  loading  to  16000  flight  hours.  The  wing  skins  are 
7475-T7351  aluminum  and  include  countersunk  fasteners  (i.e., 
MS  90353-08  blind  pull-through  rivets)  of  the  same  type  used 
in  the  test  specimens  of  Figs.  4  and  6.  The  durability  an¬ 
alysis  demonstration  was  conducted  as  follows. 

1.  The  wing  skin  was  divided  into  ~en  stress  regions  aa 
shown  in  Fig.  19.  The  stress  levels  and  number  of  fastener 
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holes  ars  shown  in  Tabl#  5  .  Service  crack  growth  paramstsrs 
G,  anti  3  3  for  tha  maun  XI  anti  largs  crack  six  a  regions  vers  es- 
tinted  for  each  of  th«  tan  at  rasa  regions.  This  la  accom¬ 
plished  vising  crack  growth  rat*  parameters  obtained  from 
f ractographi «  results  for  1.50"  wide  specimen  data  sets 
(i.a.,  AFXLR4,  AJX M3R4  anti  AJFXHR4 )  and  two  wide  specimen  data 
seta  tfjuncwu  and  WAPXH3U),  along  with  an  empirical 

modal  for  crack  growth  rata  parameters  proposed  by  Yang  and 
Manning  1 3 , 5 ] . 

2 «  Tha  firso  paraaotara  obtainad  in  saction  4.1  for 
countersunk  fastener  holes  ware  used  for  F~16  fastener  holes, 
i.e.,  *  0.03s1,  CC*  1.716  and  f  «  6.308.  Note  that  these 

BITS  distribution  parameters  ware  determined  using  three  nar¬ 
row  width  specimen  data  sets,  AFXLR4,  AFXXR4  and  AFXKK4. 

3.  Based  on  the  DCGA-SCGA,  the  predictions  for  crack 
exceedance  probability,  p(i,T‘/,  at  T  •»  16000  flight  hours  in 
ten  screes  regions  (i.a. ,  i  «  1,2,... 10)  for  five  different 
crack  sixes  (i.e, ,  x^  *  0.03",  0.05",  0.1",  0.2"  and  0.3") 

are  shown  in  Table  6.  The  analysis  for  tha  DCGA-SCGA  was 
conducted  using  <r  -  0.3  (natural  log  basis),  which  is  quite 
reasonable  for  countersunk  fastener  holes  in  7475-T7351  alum¬ 
inum  [5,18,30].  The  average  number  of  fastener  holes  with  a 
crack  size  greater  than  x^,  fj(i,T')  equal  to  N^p(i,7"),  at 
T«  16000  flight  hours  are  predicted  for  each  of  the  ten  stress 
regions  as  shown  in  Table  6.  Predictions  for  the  average 
number  of  fastener  holes  in  the  lower  wing  skin  with  a  crack 
size  >  at  16000  flight  hours,  L(T) ,  and  its  standard  de¬ 
viation  <3£(  T  )  ,  are  shown  in  Table  6  for  five  crack  sizes. 
tij'(T)  values  are  based  on  the  Binomial  distribution.  Using 
L{T)  andc £(T) ,  the  extent  of  damage  for  any  crack  size  can  be 
estimated  for  selected  probabilities.  Theoretical  predic¬ 
tions  shown  in  Table  S  are  plotted  in  Fig.  2C.  Results  based 
on  the  DCGA-DCGA  [5]  ar.d  the  DCGA-SCGA  are  plotted  in  Fig.  20 
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Figure  19.  Strega  Regions  for  Fighter  Lower  Wing  Skin. 


Table  3.  Stress  Levels  and  Humber  of  Fastener  Holes  fox' 
Fighter  Lower  Wing  Skin. 


STRESS  REGION 

MAX.  STRESS  LEVEL, 

(ksi) 

NO.  OF  FASTENER 
HOLES 

*1 

I 

28.3 

59 

II 

27.0 

320 

III 

24.3 

680 

IV 

16.7 

469 

V 

28.4 

8 

VI 

29.2 

30 

VII 

32.4 

8 

VIII 

26.2 

8 

IX 

26.2 

12 

X 

25.7 

20 

1614 
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Durability  Analysis  Results  for  Fighter  Lower  Wing 
Skin  Based  on  oCGA-SCGA  {T  *  16000  Fit.  Hrs.). 


as  a  solid  curve  and  dashed  curve,  respectively.  The  results 
are  identical  for  both  approaches  for  4.  a  (0.05”).  Fighter 
lower  wing  skin  tear-down  inspection  results  are  shewn  in 
Table  6  and  they  are  plotted  in  Fig.  20  as  solid  circles.  The 
extent  of  damage,  based  on  the  DCGA-SCGA,  was  estimated  for 
an  exceedance  probability  of  P  =  0.05  from  L(T7  +  1.65  0£(7') 
using  the  "L(T)  '  and  values  shown  in  Table  6.  Results 

are  plotted  in  Fig.  20  as  a  solid-dashed-solid  curve  (—  —  — ) . 

Durability  analysis  predictions  for  the  lower  wing  skin, 
based  On  the  DCGA-SCGA  and  the  DCGA-DCGA,  correlate  well  with 
the  tear-down  Inspection  results.  Both  approaches  are  consid¬ 
ered  reasonable  for  evaluating  functional  impairment  due  to 
fuel  leakage/ligament  breakage  in  metallic  aircraft  structur¬ 
es.  However,  the  DCGA-SCGA  is  recommended  for  durability 
analysis  because  predictions  are  more  accurate  and  slightly 
more  conservative  than  those  based  on  the  DCGA-DCGA.  Exten¬ 
sive  demonstrations  for  the  DCGA-DCGA  and  the  DCGA-SCGA  are 
given  in  Volume  II  [5]. 


It  has  been  shown  that  coupon  specimens  can  be  used  to 
establish  the  initial  fatigue  quality  of  fastener  holes  for 
full-scale  aircraft  structure.  The  predicted  probability  of 
crack  exceedance  can  be  used  to  estimate  statistically  the 
"extent  of  damage"  for  a  durability-critical  component  for  se¬ 
lected  exceedance  probabilities.  This  type  of  information 
provides  a  physical  description  of  the  state  of  damage  for  a 
durability-critical  component  and  a  logical  basi3  for  estimat¬ 
ing  structural  maintenance/repair  requirements  and  costs. 

The  stress  level  in  each  stress  region  is  important  for 
crack  growth  predictions.  Therefore,  the  stress  analysis  for 
durability-critical  components  should  reflect  appropriate  fin¬ 
ite  element  grid  sizes  to  obtain  the  stress  analysis  accuracy 
desired  for  each  stress  region. 
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SECTION  V 


RECOMMENDED  CHANGES  TO  AIR  FORCE  DURABILITY 
DESIGN  REQUIREMENTS  AND  PHILOSOPHY 

Proposed  changes  in  current  Air  Force  durability  design 
requirements  [1,2]  and  philosophy  are  recommended  and  dis¬ 
cussed  in  this  section.  The  following  changes  in  current 
durability  design  philosophy  and  requirements  for  metallic 
airframes  are  recommended: 

1.  Initial  fatigue  quality  (IFQ)  should  not  be  repre¬ 
sented  by  the  same  initial  flaw  size  irrespective  of  mate¬ 
rial,  type  of  fastener  hole,  structural  details ,  manufactur¬ 
ing  processes,  etc.  For  example,  a  larger  initial  flaw  size 
should  be  assumed  for  a  countersunk  hole  than  for  a  straight- 
bore  hole  for  clearance-fit  fasteners  in  the  same  material  in 
which  the  holes  were  drilled  using  comparable  methods.  Fa¬ 
tigue  test  results  for  7475-T7351  aluminum  from  the  current 
program  and  two  other  programs  [24,25]  justify  this  recommen- 
dati  on.  Furthermore,  we  have  observed  during  the  course  of 
this  program  that  an  initial  flaw  size  of  .01N  radius  corner 
flaw  may  not  be  large  enough  for  clearance-fit  fastener  holes 
for  a  deterministic-based  durability  analysis.  Although  MIL¬ 
A-87221  allows  initial  flaw  sizes  >.01"  to  be  used  for  durab¬ 
ility  analysis,  there  is  no  motivation  for  contractors  to  do 
so. 


2.  An  equivalent  initial  flaw  size  distribution  (EIFSD) 
should  be  used  to  represent  the  initial  fatigue  quality  of 
structural  details.  Equivalent  initial  flaws,  based  on  the 
back-extrapolation  of  fractographic  results,  should  be  treat¬ 
ed  as  a  random  variable.  Then,  the  effects  of  scatter  due  to 
material,  type  of  structural  detail,  design  concept  and  manu¬ 
facturing  process  on  initial  fatigue  quality  can  be  more 
properly  accounted  for.  With  a  fixed  initial  flaw  size  re¬ 
quirement  there  is  no  way  to  discriminate  the  effects  of 
material,  structural  detail  and  manufacturing  process  on  in¬ 
itial  fatigue  quality.  Methods  for  defining  EIFSs  and  the 
EIFSD  should  be  standardized  and  guidelines  provided  so  that 
IFQ  will  be  consistently  defined  and  utilized  for  durability 
analyses.  The  IFQ  methods  and  guidelines  developed  under 
this  program  should  be  adopted. 


3.  The  test  plan  for  the  Aircraft  Structural  Integrity 
Program  (ASIP)  should  incorporate  requirements  for  an  initial 
fatigue  quality  (IFQ)  data  base.  Such  a  data  base  can  be 
economically  and  timely  acquired  as  a  part  of  the  normal  ASIP 
effort.  For  example,  by  not  preflawing  structural  details  in 
selected  test  specimens,  "natural  fatigue  crack"  data  can  be 
obtained  -  thereby  satisfying  data  requirements  for  IFQ,  dur- 


ability  and  damage  tolerance.  Soraa  additional  tasting  and 
fractography  may  be  required,  beyond  the  normal  ASIP  effort, 
depending  on  the  desired  confidence  level  and  circumstances. 
In  any  case,  if  IFQ  data  requirements  are  incorporated  into 
the  ASIP  test  plan,  than  such  data  can  be  acquired  with  a 
minimum  impact  on  cost  and  schedule. 


4.  The  probabilistic  durability  analysis  method  deve¬ 
loped  under  this  program  is  a  Mdurability  design  tool.”  it 
complements  the  current  deterministic  durability  analysis  ap¬ 
proach  and  it  provides  a  powerful  decision-making  tool  for 
analytically  quantifying  structural  durability  and  evaluating 
durability  design  tradeoffs. 

5.  In  MIL-A-37221,  Ssction  3.11  (pg.  375)  it  is  stated 
that. .. "Durability  must  bs  designed  into  the  structure  to 

maximize  the  eventual  life  of  the  airframe."  However,  cur¬ 
rent  deterministic-based  durability  analysis  methods,  based 
on  a  single  initial  flaw  size  in  the  worst  case  detail  in  a 
group  of  details,  do  not  provide  quantitative  information  for 
assessing  excessive  cracking  or  probability  of  functional  im¬ 
pairment.  The  following  "quantitative  information"  should  be 
predicted  at  a  selected  service  time  following  the  full-scale 
durability  verification  test:  (1)  extent  of  damage  (i.e., 
how  many  structural  details  are  expected  to  exceed  the  limit¬ 
ing  crack  sizes  associated  with  functional  impairment),  (2) 
probability  of  crack  exceedance  (i.e.,  probability  of  exceed¬ 
ing  functional  impairment  crack  size  limits),  and  (3)  probab¬ 
ility  of  functional  impairment  (i.e.,  a  quantitative  measure 
of  the  riek  of  functional  impairment) .  A  quantitative  dur¬ 
ability  analysis  ia  very  attractive  for  incorporating  durab¬ 
ility  into  the  design  process.  The  results  of  the  full-scale 
durability  teat  and  the  quantitative  durability  analysis 
should  be  used  to  evaluate  appropriate  final  durability  de¬ 
sign  trade-offs  and  production  modifications. 

5.  A  distinction  should  be  made  between  "initial  qual¬ 
ity"  and  "initial  fatigue  quality"  as  follows.  Initial  qual¬ 
ity  is  a  physical  description  of  the  actual  initial  flaws  in 
a  structural  detail  that  can  be  determined  by  ND1  or  other 
suitable  means.  Initial  fatigue  quality  describes  the  EIFSD 
based  on  the  back-extrapolation  of  suitable  fractographic  re¬ 
sults.  As  such,  an  EIFSD  is  artificial,  and  cannot  be  veri¬ 
fied  by  HDI. 

6.  The  following  tonus  should  be  added  to  the  list  of 
definitions  in  MIL-A-8866B[1]  and  MIL-A-87221  [2]s  (1)  equi¬ 
valent  initial  flaw  size,  (2)  initial  fatigue  quality,  (3) 
extent  of  damage,  (4)  probability  of  crack  exceedance,  (5) 
probability  or  functional  impairment,  and  (6)  equivalent  in¬ 
itial  flaw  size  distribution.  These  terms  are  defined  else¬ 
where  (e.g.,  4,18]. 


i : 
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The  proposed  changes  in  durability  analysis  philosophy 
and  requirements  would  have  a  significant  impact  on  ths  fol¬ 
lowing:  schedule,  cost,  personnel,  training,  tasting,  data 
base,  analysis,  evaluation  and  practices.  It  would  take  time 
for  engineers  and  contractors  to  become  familiar  with  the 
probabilistic  durability  analysis  approach.  However,  the 
aerospace  industry  had  to  do  the  same  thing  when  damage  tol¬ 
erance  and  durability  requirements  wore  first  introduced. 
There  are  many  potential  pay-offs  for  adopting  the  recommen¬ 
dations  in  this  section,  including:  (1)  improved  airframe 
durability/life  prediction-  capability,  (2)  reduced  maintain¬ 
ability/  supportabllity  requirements,  (3)  providing  useful  in¬ 
formation  for  fleet  manager  to  evaluate  usage  options,  trade¬ 
offs  and  risks,  (4)  lower  life-cycle-costs,  (5)  increased 
confidence  in  the  product,  and  (6)  provide  a  useful  tool  for 
achieving  "Reliability  and  Maintainability  2000"  goals. 
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SECTION  VI 

DURABILITY  ANALYSIS  SOFTWARE 

Software  is  aval  labia  for  Implementing  the  advanced  dur¬ 
ability  analysis  method  described  in  Ssction  II  of  this  Vol¬ 
ume  (IV)  and  in  Volume  I  (4].  A  comprehensive  software 
user's  guide  is  given  in  Volume  V  [8). 

6 . 1  SOFTWARE  DESCRIPTION 

The  advanced  durability  analysis  software  includes  six 
programs  in  "GWBASIC".  The  purpose  of  each  program  is  des¬ 
cribed  in  Table  7.  All  programs  can  be  implemented  on  an  IBM 
or  IBM-compatible  personal  computer. 

Software  is  available  for  plotting  the  fractographic 
data  for  any  crack  si  as  a  or  time  range  and/or  durability  an¬ 
alysis  results  for  FT(t),  p(i,T)  or  (x)  .  A  plotting 
capability  is  available  for  the  following  durability  analysis 
options:  (1)  DCGA,  (2)  DCGA-DCGA  and  (3)  DCGA-SCGA.  Plots 
can  be  obtained  with  or  without  correlating  data.  Typical 
example  plots  are  shown  in  Fig.  21. 


6.2  SYSTEM  REQUIREMENTS 

The  advanced  durability  analysis  software  is  programmed 
in  "GWBASIC"  runs  on  the  IBM  PC  and  compatible  systems  with 
the  following  minimum  configuration: 


Memory : 

Operating  Syetem: 
Graphics  Monitor: 
Disk  Drive: 
Printer: 

Graphics  Program: 


640K  RAM 

MS-DOS  Version  2.0  or  Later 

Monochrome  or  Color 

1  Double  Sided  Disk  Drive 

IBM  or  Compatible  Graphics  Printer 

Need  Special  "GRAPHICS"  Program  for 

Doing  Screen  Prints  of  Graphic 

Display 
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Table  7.  Description  of  Durability  Analysis  Software 


PROGRAM 

FXLXMAMS 

PURPOSE 

”FRACTH 

Seva  or  raad/print  out  fractographic 
data  on  5  1/4”  floppy  disk 

“SCHISM” 

Study  the  character  and  quality  of  a 
fractographic  data  set  (tabulate  data 
and  plot  fractography) 

"Q*JAT" 

Coapute  pooled  0  and  for  a  given 

fractographic  data  set 

"WCIfQ” 

Estimate  EXF3D  parameters  for  Weibull 
compatible  distribution  function 

"PLOT" 

Plot  fractographic  data  and/or  dur¬ 
ability  analysis  results 

”ANAL" 

Make  durability  analysis  predictions 

I.W 
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le  Plots  for  Durabllit 


SECTION  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 
7.1  CONCLUSIONS 

1.  A  comprehensive  probabilistic  durability  analysis 
approach  has  bssn  dsvslopsd.  It  appliss  to  ths  crack  growth 
accumulation  in  any  typa  of  structural  dstail  (a.g.,  fastener 
holss,  cutouts,  filiate,  stc.).  Ths  approach  has  bean  veri¬ 
fied  for  clearance-fit  fastener  holes  in  7475-T7351  aluminum 
at  two  levels:  (1)  coupon  specimens  and  (2)  full-scale  air¬ 
craft  structure.  Very  reasonable  durability  analysis  results 
have  been  obtained  using  the  probabilistic  approach,  includ¬ 
ing  both  snail  cracks  (e.g.,  »  0.05M)  and  large  through- 
the- thickness  cracks  (e.g.,  «  0.5**}. 

2.  it  has  been  shown  that  the  initial  fatigue  quality 
(IFQ)  of  clearance-fit  fastener  holes  can  be  reasonably  esti¬ 
mated  using  fractographic  results  from  coupon  specimens  and 
that  the  IFQ  can  be  represented  by  an  equivalent  initial  flaw 
size  distribution  (EIFSD) .  Furthermore,  it  has  been  demon¬ 
strated  that  the  IFQ  of  fastener  holes  in  full-scale  struc¬ 
tures  can  be  defined  using  coupon  specimens. 

3.  The  probabilistic  durability  analysis  approach  de¬ 
veloped  can  be  used  to  ''quantify**  structural  durability  in 
meaningful  terms  such  as:  (1)  probability  of  crack  exceed¬ 
ance  at  any  service  time,  (2)  probability  of  functional  im¬ 
pairment  at  any  service  time,  (3)  cumulative  distribution  of 
service  time  to  reach  any  given  crack  size,  (4)  extent  of 
damage,  and  (5)  structural  wearout  rate.  Since  the  probabil¬ 
istic  approach  developed  accounts  for  the  fatigue  crack 
growth  accumulation  in  each  structural  detail  susceptible  to 
fatigue  cracking  in  service,  it  is  referred  to  as  a  "quanti¬ 
tative  durability  analysis  approach."  The  extent  of  damage 
prediction  at  a  given  service  time  is  defined  by  the  statis¬ 
tics,  such  as  the  average  and  standard  deviation  of  the  num¬ 
ber  of  structural  details  expected  to  exceed  functional  im¬ 
pairment  crack  size  limits.  This  quantitative  prediction 
provides  an  effective  basis  for  evaluating  functional  impair¬ 
ment,  economic  life  and  structural  wearout,  and  trade-offs  as 
a  function  of  the  design  and  service  variables. 

4.  The  probabilistic  durability  analysis  approach  is  a 
powerful  "durability  design  tool."  It  gives  the  user  new 
durability  analysis  capabilities  and  features  not  provided  by 
the  existing  deterministic  crack  growth  approach  based  on  the 
"worst  case"  detail  within  a  group  of  details.  The  probabil¬ 
istic  durability  analysis  method  is  not  intended  to  complete¬ 
ly  replace  the  deterministic  crack  growth  approach  in  the 
durability  design  process.  The  deterministic  crack  growth 
approach  will  continue  to  be  a  valuable  tool  for  durability 
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ainelyels  -  primarily  during  the  preliminary  design  process. 
Sine*  a  deterministic  crack  growth  analysis  provides  informa¬ 
tion  only  £cr  the  “worst  case"  detail  within  a  group  of  de¬ 
tails,  it  cannot  provide  tha  "extant  of  damage"  type  informa¬ 
tion  for  the  entire  population  of  structural  details. 

5.  Equivalent  initial  flaw  sizes  (EIFSa)  are  determined 
by  bacJc-extrapolating  fractographic  results.  Since  the  frac- 
t ©graphic  data  depends  on  the  testing  conditions 
stress  levels,  load  spectrum.  %  bolt  load  transfer,  etc.), 
EXFSs  are  not  strictly  "generic,"  However,  EIFSD  parameters 
cen  be  estimated  for  different  fractographic  data  sets  using 
the  data  pooling  and  statistical  scaling  procedures.  It  has 
been  conclusively  shown  that  the  EXFSD  bated  on  given  fracto- 
graphic  data  sets  can  be  used  to  obtain  very  reasonable  dur¬ 
ability  analysis  predictions  for  the  other  data  set*  and 
full-scale  aircraft  structure  for  clearance-fit  fastener 
holes  (both  straight-bore  and  countersunk)  in  7473-T7351  al- 
uainua.  It  should  be  clmar  that  an  EIFSD  does  not;  necessar¬ 
ily  contain  tho  "rogue  flaw." 

6.  When  an  EIFSD  is  grown  forward  to  a  selected  service 
time,  the  service  crack  growth  should  be  consistent  with  the 
"basis"  for  the  EIFSa.  Therefore,  the  analytical  crack 
growth  program  used  [e.g. ,  16,17]  should  be  "tuned"  or  "curve 
fitted"  to  the  EIFS  master  curvos  reflected  in  tha  EIFSD. 

7.  Probabilistic-based  durability  analysis  methods  [4, 
5,18]  are  now  sufficiently  developed  and  demonstrated  for  im¬ 
mediate  applications  to  metallic  airframes.  An  updated  dur¬ 
ability  design  handbook  and  software  for  an  IBM  or  IBM-com¬ 
patible  PC  are  available  for  implementing  the  advanced  dur¬ 
ability  analysis. 


8.  A  "natural  fatigue  crack"  data  base  for  estimating 
the  initial  fatigue  quality  of  structural  details  can  be  ac¬ 
quired  as  a  part  of  the  Aircraft  Structural  Integrity  Program 
(ASIP)  test  plan.  For  example,  by  not  preflawing  structural 
details  in  test  specimens ,  "natural  fatigue  crack"  data  can 
be  obtained --thereby  satisfying  data  requirements  for  both 
durability  and  damage  tolerance.  Additional  testing  and  frac- 
tographlc  evaluations,  beyond  the  normal  ASIP  effort,  may  be 
needed,  to  define  IFQ,  depending  on  the  desired  confidence 
level  and  circumstances.  IFQ  data  requirements  can  be  read¬ 
ily  incorporated  into  the  ASIP  test  plan  to  minimize  the  cost 
and  time  for  acquiring  the  requisite  data  base. 

9.  The  stress  level  for  each  stress  region  is  important 
for  crack  growth  predictions.  Therefore,  the  stress  analysis 
for  durability-critical  components  should  reflect  appropriate 
finite  element  grid  sizes  to  obtain  the  desired  stress  analy¬ 
sis  accuracy  for  each  stress  region. 


J  0 .  Probabilistic  durability  analysis  methodo’.oc’ies  de¬ 
veloped  can  be  extended  to  establish  the  optimal  inspection/ 
repair/replacement  ./proof  test  maintenance  for  life  management 
of  metallic  aircraft  structure.  The  extension  can  be  made 
based  on  some  fundamental  research  efforts  appearing  in  the 
literature  [e.g.,  31-42]. 


7 . 2  RECOMMENDATIONS 

1.  The  advanced  durability  analysis  method  developed 
under  this  program  should  be  used  for  future  durability  an¬ 
alyses  for  metallic  airframes.  Structural  durability  can  now 
be  quantitatively  accounted  for  in  the  durability  design  pro¬ 
cess. 


2.  Recommendations  fcr  durability  analysis  are  as  fol¬ 
lows:  (1)  define  the  equivalent  initial  flaw  size  distribu¬ 
tion  (EIFSD)  using  fractographic  data  in  the  small  crack  size 
region  (e.g.,  C.01"-0.Q5") ,  (2)  use  fractographic  data  pool¬ 
ing  procedure  and  statistical  scaling  technique  to  estimate 
the  EIFSD  parameters  in  a  "global  sense"  for  a  "single  hole 
population"  basis,  and  (3)  use  the  two-segment  deterministic- 
stochastic  crack  growth  approach  (DCGA-SCGA)  to  predict  the 
extent  of  damage  in  the  entire  durability  critical  component; 
the  two-segment  deterministic  crack  growth  approach  (DCGA- 
DCGA)  is  also  reasonable  but  it  is  slightly  less  conservative 
than  the  DCGA-SCGA. 


3.  The  recommended  change*  in  Air  Force  philosophy  and 
durability  design  requirements  described  in  section  V  of  this 
volume  should  be  adopted.  This  will  allow  the  full  potential 
of  the  prohahilietic  durability  analysis  approach  to  be  util¬ 
ized  in  the  deeign  and  analysis  of  future  metallic  aircraft 
structures . 

4.  The  advanced  durability  analysis  approach  developed 
under  this  program  should  be  investigated  for  other  structur¬ 
al  details  and  considerations.  For  example,  the  life  en¬ 
hancement  effects  of  fastener  hole  cold  working,  interference 
fit  fasteners,  press  fit  bushings,  etc.,  on  initial  fati jus 
quality  should  be  investigated.  Similarly,  the  initial  fa¬ 
tigue  quality  of  structural  details,  such  as  cutouts,  lugs, 
fillets,  etc.,  should  bs  investigated.  Suitable  test  speci¬ 
mens  should  be  developed  and  standardized  for  acquiring  init¬ 
ial  fatigue  quality  data  for  the  key  structural  details  to  be 
included  in  the  durabil ity  analysis. 
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5.  Future  ABxP  test  plana  should  be  designed  to  provide 
date  .for  initial  fatigue  quality,  durability  and  dam  ge  tol¬ 
erance.  Selected  fatigue  teats  should  be  conducted  uaing  spec¬ 
imen  e  without  intentional  preflaws  so  th.nt  "natural  fatigue 
crack1"  data  can  be  obtained.  This  approach  should  bo  used  to 
minimise  cost  and  time  for  acquiring  the  requisite  IFQ  data 
base. 


6,  The  meaning  and  limitations  of  EIFGs  and  an  EIFSD 
must  be  emphasised.  In  particular,  all  EIFSa  should  be  grown 
forward  consistent  with  thra  basis  for  the  EIFSD.  The  EIFSD 
should  not  be  grown  forward  using  an  analytical  crack  growth 
program  without  tuning  and  considering  the  basis  for  the  EIFS. 

7.  All  aerospace  contractors  should  use  the  same  method 
to  define  EIFSs  fox  different  materials  and  structural  details 
so  that  compatible  EIFGa  can  be  obtained.  The  "0«(t.»  model” 
[4,5]  is  reasonable  for  determining  EIFSs.  This  model  or  some 
other  suitable  model  should  be  used  to  standardise  the  way 
EIFSa  are  determined.  Then,  for  a  given  f ractograplilc  data 
set,  fractographic  crack  size  range  (AL  -  AU)  and  the  same  an¬ 
alysis  procedure,  all  contractors  will  obtain  the  same  E.TFEs. 
By  standardizing  tha  way  EIFSs  are  determined,  EIFSs  from  var¬ 
ious  sources  can  be  directly  compared--thereby  providing  a 
means  for  cataloging  and  utilising  existing  data  from  various 
sources  to  estimate  the  initial  fatigue  quality  cf  structural 
details. 


8.  Initial  fatigue  quality  should  not  be  represented  by 
the  identical  initial  flaw  size  distribution  irrespective  of 
material,  type  of  fastener  hole,  structural  details,  manufact¬ 
uring  processes,  etc.  For  example,  the  statistical  dispersion 
of  EIFSD  for  countersunk  holes  is  significantly  larger  than 
that  of  the  EIFSD  for  straight-bore  holes  for  clearance-fit 
fasteners  in  the  same  material  in  which  the  holes  were  drilled 
using  comparable  methods.  Thus,  if  a  single  initial  flaw  size 
is  selected  for  a  given  probability  or  percentile  (e.g., 
1/1000) ,  and  the  deterministic  approach  is  used  for  durability 
analysis,  the  initial  flaw  size  for  a  countersunk  fastener 
hole  should  be  larger  than  that  for  a  straight-bore  fastener 
hole  based  on  our  investigation. 

9.  The  probabilistic  durability  analysis  approach  should 
be  investigated  for  discriminating  "quality”  at  three  levels: 
(1)  material,  (2)  manufactured  detail,  and  (3)  component.  Of 
particular  interest  is  the  following  question:  "How  does 
improvement  in  initial  material  quality  translate  into  improve¬ 
ment  in  life  of  actual  aircraft  components?"  Thio  research 
can  be  built  on  the  advancements  made  under  this  program  and 
the  work  conducted  by  ALCOA  [e.g.,  27,28]. 
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ACRONYMS 


ADA 

ASIP 

CL88A 

DADTA 

DCOA 

sirs 

BIFSD 

PHQ 

HGI78 

IFQ 

LEFM 

LT 

MM 

NDE 

NDI 

NLT 

8CGA 

SCOMC 

SSE 

TSE 

TTCI 


«  Advanced  Durability  Analysis 

»  Aircraft  Structural  Integrity  Program 

*  Combined  X.*ast  Squars  Sums  Approach 

-  Durability  and  Damage  Tolerance  Assessment 

-  Deterministic  Crack  Growth  Approach 

*  Equivalent  Initial  Flaw  size 

*  Equivalent  Initial  Flaw  Siza  Diatribution 

-  Fuatanar  Hola  Quality 

■  Homogeneous  EIFS 

-  Initial  Fatigue  Quality 

»  Linear  Elastic  Fracture  Mechanics 

«  Load  Transfer  Through  the  Fastener 

*»  Method  of  Moments 

«  Non  Destructive  Evaluation 

»  Non  Destructive  Inspection 

*  No  Load  Transfer  Through  the  Fastener 

«  Stochastic  Crack  Growth  Approach 

m  Service  crack  growth  master  curve 

-*  Sum  Squared  Error 

«  Total  Standard  Error 

«  Tiat'- to -Crack  Initiation 
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